Molecular markers are of great potential utility for revealing intraspecific geographic variation among parasite populations. By studying the genotypes or haplotypes of individuals, nuclear and mitochondrial markers have proved useful for inferring patterns of population genetic structure in some parasitic organisms. For nuclear loci, allelic frequency distributions may be used to estimate genetic differentiation among parasite populations, provided that the alleles are nearly neutral with respect to selection (Lydeard et Studies of parasite population genetic structure have increased our understanding of basic microevolutionary processes in these organisms and may reveal the likelihood for the spread of resistance genes to anti-parasitic drugs (Anderson et al., 1993; Dame et al., 1993) . From an evolutionary perspective, indirect estimates of population subdivision, e.g., F-statistics estimated from genetic data, permit characterization of the breeding structure within subpopulations of parasites and reveal the potential for interpopulation differentiation by genetic drift for neutral alleles. Understandably, inferring evolutionary process from the patterns revealed by such statistics may prove complex for many species because the genetic structure of parasite populations will be shaped by properties of the host(s) and parasite (Nadler et For many parasite species, the small size of individuals has been an impediment to the acquisition of multilocus genetic data by traditional techniques, e.g., isoenzyme electrophoresis. Thus, for parasites in general and helminths in particular, there is a paucity of studies exploiting the full potential for genetic markers to describe geographic variation among populations. Methods employing the polymerase chain reaction (PCR) can overcome limits based on individual size; however, some of these approaches may impose new methodological (Hadrys et al., 1992) and analytical (Clark and Lonigan, 1993) difficulties. One such method, random amplified polymorphic DNA (RAPD; Williams et al., 1990 ) is a popular new approach for obtaining genetic data at the intraspecific-level. RAPD genetic markers have also proved useful for a wide variety of molecular ecological applications, including analysis of kinship relationships and paternity (Hadrys, 1991) , strain/clone-specific variation (Smith et al., 1992) , taxonomic identity (Bandi et al., 1993; Roosien et al., 1993; Gardner et al., 1994) , and interspecific hybridization (Arnold et al., 1991) . Random Amplified Polymorphic DNA-PCR principally amplifies regions of the nuclear genome flanked by inverted sequences complementary to a particular oligonucleotide primer, provided that the primer anneals within the range of efficient amplification for the PCR conditions (Hadrys et al., 1992 Kazan et al., 1993) . Herein, we undertake a comparative study of RAPD versus isoenzyme markers in midwestern population samples of Ascaris suum. These isoenzyme data are used to characterize the genetic structure of the populations and as a benchmark for comparing the results obtained using RAPD markers. saline, and maintained for up to 24 hr at 37 C prior to dissection. For each host, entire ascaridoid infrapopulations were collected, an infrapopulation = all parasites of a single species from an individual host (Margolis et al., 1982 Homogenization of tissue samples for protein electrophoresis was performed as described previously (Nadler, 1986) . Separate tissue homogenates of muscle and gonad (ovary or testis) were prepared for each individual, and both tissue types were used initially to survey various enzymatic loci. Supernatant fractions of homogenates were absorbed on 4 x 11-mm filter paper wicks (Whatman #1) and subjected to horizontal starch-gel electrophoresis ( Specific proteins were localized in gel slices using staining methods described in Murphy et al. (1990) . Staining intensity of PEP-B was increased by wetting the surface of the gel slice with 0.1 M Tris (pH 10.5), followed by incubation at room temperature for 5 min prior to staining. Phenotypic differences in isoenzyme banding patterns at a specific locus were used to deduce genotypes of individuals and the number of alleles segregating in the population samples. To confirm genotypic scores at the polymorphic loci, homogenates of every individual were electrophoresed and scored a minimum of 2 times along with appropriate reference individuals of established genotype. Four of the 100 A. suum adults did not have sufficient gonadal tissue mass to prepare homogenates for isoenzyme analysis; these 4 individuals were excluded from all genetic analyses.
Individual nucleic acid isolations were prepared from 74 of the 96 individuals by homogenizing 0. 15 g of muscle tissue with 500 Al of STE buffer (10 mM Tris-HC1, pH 7.5, 10 mM NaCl, 1 mM EDTA) on ice, adding 100 Ml of 10% SDS (sodium dodecyl sulfate) and 20 Ml of proteinase K (10 mg/ml), and incubating the homogenate at 50 C for I hr. 
RESULTS

Isoenzyme data
Six of the 13 loci surveyed showed evidence of polymorphism (MPI, PEP-B, PGDH, IDH, MDH, and ESTD); however, only 3 of the 6 variable loci (MPI, PEP-B, and PGDH) showed sufficient enzymatic activity and resolution on gels to score all individuals reliably (Table I) . For these loci, homogenates of muscle gave the greatest relative staining activity for MPI and PEP-B; gonad had the best staining activity for PGDH. Optimal resolution of PGDH and MPI was obtained in the phosphatecitrate buffer; PEP-B resolution was best in the Tris-maleate-EDTA buffer. Mannose-6-phosphate isomerase and PEP-B heterozygotes displayed banding patterns characteristic of monomeric subunit enzymes; the phenotype of PGDH heterozygotes was characteristic of a dimeric enzyme.
For the 7 infrapopulation samples from individual pigs, 3 included loci with statistically significant deviation from HardyWeinberg equilibrium expectations by both chi-square and exact probability tests (P < 0.05), and a fourth infrapopulation showed The overall sex ratio (male: female) of adults was 0.44:1 (n = 100); within individual infrapopulations it ranged from 0.1:1 to 1:1.
Mean inbreeding coefficients (F1s , Table II) were high among the 7 infrapopulations, the 5 pooled (by locality) populations, and between pairwise comparisons of infrapopulations, including those from single geographic localities. The mean fixation indices (Fsr) for infrapopulations and localities (Table II) exceeded 0.05 in all but 1 case (the comparison of the Cas-1 and Cas-2 infrapopulations from a single farm). For example, 9.4% of the total allelic variance was distributed among infrapopulations and 90.6% was found within the infrapopulations. Likewise, 7.8% of the allelic variance was distributed among localities and 92.2% within geographic regions. Alternatively, these F-statistics may be interpreted as the proportion of total variance or gene diversity found at a particular level. For example, 90.6% of the total estimated gene diversity was found within infrapopulations. Overall inbreeding coefficients (individual relative to the total population or F,,) were high among infrapopulations and between localities (Table II) ; these F-statistics reflect reduction in heterozygosity due to nonrandom mating within subpopulations (Fls) plus that due to population subdivision (Fsr). There was no significant correlation between Rogers' genetic distance (isoenzyme) and geographic distance for comparison of infrapopulations (P = 0.12) or the 5 pooled (by locality) populations (P = 0.11) as determined by Mantel's test; however, these results should be interpreted prudently given the relatively low statistical power of Mantel's test for small matrices. 
RAPD data and comparative analysis of markers
Of the 29 RAPD primers surveyed, 9 yielded amplification products that met both subjective (intense fluorescence) and objective (reproducibility) criteria for "scorability." These 9 primers yielded 25 scorable amplified products, e.g., Figure 1 ; 18 of these genetic markers were polymorphic (variable among individuals with respect to presence/absence) in the populations surveyed. The 25 scorable markers ranged in size from 277 to 2,337 bp (Table III) . Many amplified products of less than 500 bp were of poor reproducibility using these amplification conditions; products larger than 2.5 kb were rarely observed. Only fixation indices (Fs,) were estimated for the RAPD data because their calculation does not depend directly on the frequency of observed heterozygotes (which cannot be scored directly with dominant markers). In 4 cases (primer 302/1,046 bp, 306/1,046, and 316/1,046; 308/738 and 322/738; 308/923 and 337/923; 314/861 and 345/861), primers of different nucleotide sequence yielded amplification profiles with at least 1 marker of approximately the same size as estimated from agarose gels; however, patterns of marker presence/absence within the A. suum individuals were distinctly different in each of these cases (Table  III) . In addition, side-by-side comparisons of these products revealed minor differences in electrophoretic mobility in all cases (not shown). The number of RAPD markers used to calculate mean F,, ranged from 6 to 13 (Table II) , depending on the number of markers excluded due to q2 = 0 values in the comparison. Independent estimates of F,, by RAPD and isoenzyme methods yielded similar levels of differentiation in several cases (Table II) Given the difficulty of performing experimental crosses for most parasites, the reliability of particular RAPD reaction products for subsequent analysis must be based on other criteria such as repeatability and band intensity. For A. suum, approximately one-third of the 10-mer primers screened yielded 1 or more amplification products meeting these criteria, and approximately two-thirds of the reliable markers were polymorphic. Reaction products smaller than 500 bp were typically of limited usefulness due to poor reliability; products larger than 2.5 kb were rarely observed, presumably because the extension time of each PCR cycle was limited to 2 min. In several cases, primers of distinct nucleotide sequence yielded RAPD reaction products of approximately the same size as estimated from comparison to a molecular weight ladder in agarose mini-gels. Greater electrophoretic resolution and more precise estimates of size would be obtained by using polyacrylamide electrophoresis (Hadrys et al., 1992); however, the independence of these similar-size markers was established by different patterns of variation in the same individual nematodes. Estimating allele and genotype frequencies for RAPD markers was compromised when the recessive genotype was absent from a particular population. In this study, RAPD markers were excluded from calculation of the fixation index whenever any of the subpopulations in a particular comparison had a frequency of zero for the recessive genotype. Thus, although 18 polymorphic markers were detected in these midwestern population samples of A. suum, calculations of fixation indices were based on 6-13 markers, depending on the subpopulations compared. Because of this limitation, population-level studies that focus on polymorphic RAPD markers may require the use of many different individual primers. Alternatively, an unbiased survey of RAPD primers could be used to estimate nucleotide divergence among populations when certain stringent criteria are satisfied (Clark and Lanigan, 1993) .
Independent estimates of fixation indices based on isoenzyme and RAPD markers showed the same general patterns of differentiation. The correlation analysis demonstrated a substantial relationship between these estimates of differentiation; however, estimates of the mean fixation index based on RAPD markers had almost twice the coefficient of variation than those based on isoenzyme markers. In part, this difference must be due to errors caused by estimating allele and genotype frequencies from the observed frequency of a single genotypic class (homozygous recessives) when sample size was small. It is also possible that levels of functional constraint (and selective neutrality) may be more variable for RAPD markers in comparison to isoenzyme loci. Regardless of cause, this result suggests that fixation indices calculated from few polymorphic RAPD markers should be interpreted cautiously.
A paradigm of parasite population structure is that parasitic organisms are characterized by small populations with high levels of inbreeding, low intrapopulation genetic variability, i.e., polymorphism, heterozygosity, and allelism, and high levels of interpopulation differentiation due to genetic drift and founder effects (Price, 1980) . Parasite populations are expected to be in a nonequilibrium state due to patch dynamics (Price, 1980) , 1993) . However, few studies have attempted to use allelic frequency data to quantify intrapopulation and interpopulation differentiation; instead, most inferences concerning population structure have been based on the long-term consequences of inbreeding, i.e., reduced genetic variability.
The effects of inbreeding can be quantified by F-statistics with respect to different reference populations (Wright, 1922 (Wright, , 1965 . The inbreeding coefficient (F1s) describes the reduction in heterozygosity of an individual within its subpopulation compared to that expected in a randomly mating population with the same allelic frequencies. The reduction in heterozygosity of a subpopulation due to genetic drift is referred to as the fixation index (Fsr). The overall inbreeding coefficient of an individual (FT) reflects the reduction of heterozygosity due to nonrandom mating within subpopulations (F1s) and that due to population subdivision (Fsr). Alternatively, F-statistics may be interpreted as the probability of autozygosity or identity of alleles by descent (Wright, 1965) . F-statistics calculated from genetic data are frequently used to estimate levels of gene flow among demes; however, these estimates are dependent upon a specified model of population structure and the assumption that observed allelic frequencies have reached an equilibrium between gene flow and genetic drift. Gene flow estimates were not calculated for these data because for organisms with ephemeral demes (presumably many parasites), frequent extinction and recolonization will generally lead to overestimates of gene flow using standard island models of population structure (Slatkin, 1985; Preziosi and Fairbairn, 1992 ).
These isoenzyme data revealed excess homozygosity as indicated by high inbreeding coefficients for infrapopulations of A. suum. Within individual infrapopulations, protein loci departing from Hardy-Weinberg equilibrium expectations in statistical tests showed a pronounced deficiency of heterozygotes. These deficits cannot be attributed to problems associated with scoring heterozygotes because the loci selected for study were clearly resolved for each individual. Analysis of pooled infrapopulations from individual geographic regions (Cas-1 and Cas-2; Bur-1 and Bur-2) revealed that loci departing from equilibrium expectations within the respective infrapopulations (Cas-1, Bur-1) also showed heterozygote deficiencies in the pooled samples. However, interpretation of inbreeding for pooled population samples is more complex because heterozygote deficiencies may result from pooling distinct subpopulations with different allelic frequencies, i.e., a Wahlund effect (Wahlund, 1929 ). Thus, a Wahlund effect may account for some of the heterozygote deficiency in the pooled Bur samples (infrapopulations from different farms) where allelic frequencies at the PGDH locus were markedly different. A Wahlund effect has been observed previously for other pooled population samples of ascaridoid species (Nadler, 1986) (1) and absence (0) of RAPD markers among individual Ascaris suum (333-442) grouped by locality and infrapopulation. Marker size  is indicated beneath each primer number. Cases of ambiguity of markers for individuals (dashes) constituted 10 of 1,850 total markers. #302 #302 #302 #306 #306 #308 #308 #308 #314 #314 #314 #316 #316 #316 #322 #322 #322 #337 #337 #337 #345 (1,046) (1,537) (2,337) (1,046) (1,600) (451) (738) (923) (707) (800) (861) (584) (720) (1,046) (277) (738) (1,322) The amount of inbreeding in A. suum due to population subdivision (mean fixation index or Fsr) for infrapopulations and localities, as inferred by both isoenzyme and RAPD markers, is characteristic of moderate genetic differentiation (Hartl, 1988 In species where demes are continuously distributed over geographic space, the isolation-by-distance model (Crow and Kimura, 1970) predicts a correlation between geographic and genetic distance among demes as a result of genetic drift. For species with highly subdivided populations, this correlation is also expected if gene flow among the populations is proportional to geographic distance. The absence of a correlation between genetic (isoenzyme) and geographic distance for these A. suum infrapopulations (and for localities) is suggestive of low gene flow between closest populations at the geographic scale examined and reinforces the conclusion that there is genetic isolation among these infrapopulations. These results are inconsistent with the preliminary studies of Leslie et al. (1982) , who inferred low differentiation between A. suum samples from midwestern (Iowa) and eastern (New Jersey) localities based on the observation that allelic frequencies for 3 isoenzyme loci were generally similar between these samples. Unfortunately, the results of Leslie et al. (1982) cannot be compared directly to the results of the current study because in their work, worms were assigned to geographic areas, e.g., eastern Iowa, New Jersey, but not to individual pig hosts or specific farms. Furthermore, the absence of reported genotype frequencies and sample sizes precludes recalculating F-statistics from their data. By contrast, a recent study of pig-source Ascaris representing 2 geographic regions of Guatemala also revealed statistically significant differences in allelic frequencies at 2 isoenzyme loci (Anderson et al., 1993) .
Primer
Genetic drift among A. suum infrapopulations may be promoted by their small effective population size and founder effects. The overall sex ratio (male: female) of adults was 0.44: 1, which is consistent with the range of values reported for the human ascaridoid Ascaris lumbricoides (Guyatt and Bundy, 1993) . This skewed sex-ratio (female bias) significantly reduced the effective population size (Ne) below the census size, because in each generation half of the alleles in offspring must come from males. The mean estimated Ne for these infrapopulations was very small, and the cumulative effect of random genetic drift in populations of this (and somewhat larger) size may lead to significant changes in allelic frequency over relatively few generations (Li and Graur, 1991) . Small effective population size may also be responsible for the relatively low levels of isoenzyme heterozygosity reported for certain population samples of A. suum (Bullini et al., 1986; Anderson et al., 1993) .
In contrast to the low effective population size inferred for A. suum, free-living nematodes and other parasitic species may be characterized by much larger Ne 
